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Background {#Sec2}
==========

Scistosomiasis is considered a major public health in China and one of the diseases targeted for elimination \[[@CR1]\]. *Oncomelania hupensis,* the sole intermediate host of *Schistosoma japonicum* in China, is vital for disease transmission. After more than 60 years remarkable achievements have been made in terms of schistosomiasis control in the People\'s Republic of China \[[@CR2]\]. In 2015 China obtained the goal of schistosomiasis transmission control at the national level, and in five provinces/autonomous regions/municipalities (e.g., Shanghai, Zhejiang, Kuangtong, Fujian and Guangxi) the disease had been eliminated, while in Sichuan Province, schistosomiasis transmission has been interrupted \[[@CR3]\].

Various measures of snail control play an important role in the global control of schistosomiasis and contribute to the great achievements that have been made in China to date. According to recent statistics the area of snail habitat nationally has decreased by 75% from 14.32 billion m^2^ in the 1950s to 3.57 billion m^2^ in 2016. The marshlands in the Poyang and Dongting lakes account for 95% of the present snail habitat \[[@CR4]\]. The lake regions represent the last strong hold of the disease where the water levels cannot be adequately controlled and the snail intermediate host is widely distributed. The existence of vast snail habitats is a key factor that hampers the progress of schistosomiasis elimination in China and is one of the risks for periodic rebounds in disease transmission \[[@CR5]--[@CR8]\].

Jiangxi province is one of remaining highly endemic provinces in China. It has 0.787--0.810 billion m^2^ of snail-infested areas of which marshlands account for 97%. The vast majority of snails currently distributed in the Poyang Lake region are in newly developed snail environments post closure of the Three Gorges Dam \[[@CR4], [@CR9]\]. The human prevalence is less than 5 % in formerly highly endemic communities. Exposed populations live adjacent to the marshlands with occupational risks associated with fishing, farming, and washing clothes.

The vast marshlands of Poyang Lake are historically suitable for snail breeding. After closure of Three Gorges Dam in 2003 the hydrology in Poyang Lake has changed dramatically. The results of a water level surveillance survey conducted during the period of 1973--2011, at the Hukou Hydrological Station, showed that the mean water level of the lake was 13.1 ± 0.9 m before 2005 and decreased to 11.8 ± 0.9 m after 2006 \[[@CR10]\]. At Xinzi Hydrological Station, the number of days when the water level was higher than 13 m has reduced, while increased when the water level was lower than 11 m. This indicates that lower water levels are coming earlier in the year and that the dry season is more prolonged \[[@CR11], [@CR12]\]. It has also become apparent that the distribution of snails and their habitats have changed due to lower water levels post closure of the dam \[[@CR13]\]. Given the lack of information on the current temporal and spatial patterns of the intermediate host of schistosomiasis in the Poyang Lake region we carried out an environmental study in order to determine the distribution of *Oncomelania hupensis* in the marshlands surrounding Poyang Lake. With the development of the Global Positioning System (GPS), Geographic Information System (GIS) and spatial statistics, this has provided new and effective tools to explore the relation between *Oncomelania* snails, schistosomiasis, and the natural environment \[[@CR14]--[@CR17]\]. In this study, we specifically investigated the distribution of *Oncomelania* snails in the Poyang Lake region using GIS and GPS in order to ascertain the dynamic changes in snail distribution patterns at different elevations in the marshlands and to further define the snail habitat. The outcomes are important for national integrated schistosomiasis control strategies leading to disease elimination.

Methods {#Sec3}
=======

Study area {#Sec4}
----------

The study was conducted in the Poyang Lake region of China which is situated in northern sector of Jiangxi Province \[[@CR18]\]. It lies in a structural depression south of the Yangtze River with the coordinates of 28°11′ − 29°51′N, and 115°49′ − 116°46′E. It is fed by various rivers from Jiangxi, the most important being the Gan River, Wu River, Xin River, and Xiu River. Poyang Lake, the largest lake in China, drains into the Yangzte River at Hukou. The lake is a seasonal impounding and releasing lake, and the size of the lake between flood and dry season varies greatly every year from less than 1000 km^2^ in winter to more than 3000 km^2^ in summer \[[@CR19], [@CR20]\]. In summer as the water level rise the marshlands become submerged. In winter flood waters recede and the covered marshlands appear once again. As shown in Fig. [1](#Fig1){ref-type="fig"}, the lake is divided into two sections bounded by Songmen Mountain. The northern section is the waterway to the Yangzte River. The much larger southern section is main lake body \[[@CR21]\]. There are three types of marshlands: sand land, mud land, and grass land, with 3130 km^2^ of total area and 10--16 m of elevation. There are few sand lands found at lower elevation and mainly located on both sides of river ways. The number of mud lands is greater and their elevations are below 12 m. The grass lands are primarily located in deltas where rivers enter the lake at elevations of 12--15 m \[[@CR22]\] (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Left panel: Map of the study area in the Poyang Lake before the closure of the Three Gorges Dam closure in 2002. The green represent the snail-inhabited marshlands. Right panel: Geographical spatial map of the study area and spatial distribution of the sampling grid in Poyang Lake post the Three Gorges Dam closure in 2014. The dots represent grid samples for snail survey

Sampling grids {#Sec5}
--------------

The spatial map of the snail-infested marshlands was established using ArcGIS (10.2, ESRI, RedLands, USA) with WGS-84 geographic coordinate system and Transverse Mercator projection coordinate system \[[@CR23]\]. 200 × 200 m vector grids were created on the spatial map of marshlands through Hawth's Tools in ArcGIS software, and the surveyed grids were randomly selected by the software. The formula for calculating grid sample size was *n* = Z^2^P (1-P)/e^2^, with e = 0.03, *P* = 0.4713 and Z = 1.96 (data came from average density of living snails in surveillance locations of the province in 2014) \[[@CR24]\]. Longitude and latitude center points for each sample grid were derived, and the database of sample grids was established according to the county-level administrative divisions.

There were a total 62 340 grids created for the marshlands of Poyang Lake, of which, 37 754 grids were selected as a valid sample when its area was above 24 000 m^2^ in more than half the area of each grid. There are 31 207 in the south sector and 6547 valid grids in the north sector of Poyang Lake, respectively. 1159 grids were randomly selected for the *Oncomelania* snail survey, accounting for 3.07% of the total valid grids, with 949 grids in the south and 210 grids in the north (Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}).Fig. 2Geographical spatial map of the 200  × 200 m grids and sampling grid for snail survey (local magnified). The green squares represent vector girds created by ArcGIS software. The red ones represent sampling grids for snail survey

Field survey {#Sec6}
------------

The field survey was conducted in 2015 and 2016. Each selected grid was surveyed for snails with taking one side of each grid as the starting line. In each grid one survey frame of 0.1 m^2^ was set up within a 50 m × 50 m area. There were 25 spots in each grid that were surveyed. However, some spots were submerged in water but no less than ten spots were obtained. All snails in each frame were collected and the GPS coordinates of each frame were recorded. The collect snails were placed on a glass plate, covered by another glass plate, and the shells of snails were crushed slowly. A drop of water was added to each crushed snail. Those who had fresh soft tissue with a contractile response were considered living snails. The plate was then placed under a microscope or dissection microscope in order to identify a possible infection of *Schistosoma japonicum*.

Processing of elevation data {#Sec7}
----------------------------

Based on the topographic map of Poyang Lake bottom in 2009, the Digital Elevation Model (DEM) grids of the topographic map were projected into the WGS-84 coordinate system and Transverse Mercator projection using the ArcGIS software. The DEM data is preprocessed before interpolation, which includes separating the conglutinated contour line and connecting the disconnected contour line, establishing the elevation index table at the same time, and then calculating the elevation data interpolation. The method of contour raster image profile interpolation was used for elevation data interpolation in Contour Line rendering. The elevation accuracy was evaluated by the checkpoint method and contour playback methodolgy. The elevation data corresponding to the spatial position of each surveyed snail frame was extracted by using the software tool of "Extract Values to Points".

Data analysis {#Sec8}
-------------

All snail survey data were collected and statistically analyzed with SPSS 20.0 software (IBM, Armonk, USA). Two statistical indicators, percent of frames with living snails and mean density of living snails, were analyzed. Chi-squared test (*χ*^2^) test was used to determine the percent of frames with living snail with *P* \< 0.05 considered as statistically significant. Considering the negative binomial distribution of *Oncomelania hupensis* snails and the number of snails in most survey frame being zero, a logarithmic variance analysis was used to analyze the mean density of living snail. Firstly, the number of snails in each survey frame plus one and the logarithm was taken. Then, the logarithmic arithmetic mean was calculated. After that, antilog minus one was taken. Finally, variance analysis was used to determine the mean density of living snail with *P* \< 0.05 considered as statistically significant. The formula for calculating the two indicators is as following:$$\documentclass[12pt]{minimal}
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The snail frame elevation was graded at 1 meter intervals, then, the percent of frames with living snails and the mean density of living snails at each elevation grade were calculated in the southern and northern sectors of the lake to determine snail-concentrated elevation intervals.

Results {#Sec9}
=======

Snail survey {#Sec10}
------------

A total of 1159 potential snail sampling grids were surveyed, of which 15 231 frames were investigated. 1241 frames had live *Oncomelania* snails corresponding to 8.15% of the total number of frames. The mean density of live snails was 0.141/0.1m^2^, with a maximum of 57 snails per frame (0.1 m^2^). The percent of frames with snails in the southern sector (8.13%) of Poyang Lake did not differ statistically from the north (8.21%). However, the mean density of live snails in the northern sector (0.164/0.1m^2^) of the lake was statistically higher (*F* = 6.73; *P* = 0.01) than the south (0.141/0.1m^2^) (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Investigation of *Oncomelania hupensis* snails in different areas of Poyang Lake

Elevation of survey frames {#Sec11}
--------------------------

The data to determine elevation of each survey frame was extracted using a topographic map of the Poyang Lake bottom and was examined for abnormal values using the Box Diagram Method. There were a total 94 abnormal elevation values that were discarded from further statistical analysis. The frame elevation ranged from 10-16 m, accounting for 97.7% of the total number of frames. The highest and lowest elevations were 19.7 m and 5 m, respectively. The elevation of surveyed frames in the southern lake and the northern lake ranged from 9.0 - 19.7 m and 5.0--19.7 m, respectively (Table [1](#Tab1){ref-type="table"}).Table 1Elevation of survey frames in the Poyang Lake region of ChinaElevation grading (m)South Poyang LakeNorth Poyang LakeTotalFrequencyComposition ratio (%)Max. (m)Min. (m)FrequencyComposition ratio (%)Max. (m)Min. (m)FrequencyComposition ratio (%)Max. (m)Min. (m)5.0--5.9100.315.95.0100.075.95.06.0--6.930.096.06.030.026.06.07.0--7.930.097.97.030.027.97.08.0--8.9220.688.88.1220.158.88.19.0--9.9190.169.89.01474.589.89.01661.109.89.010.0--10.92542.1310.810.061919.2710.810.08735.7710.810.011.0--11.9203017.0211.911.0104832.6311.811.0307820.3311.911.012.0--12.9354229.7012.912.074723.2612.812.0428928.3312.912.013.0--13.9268522.5213.913.032910.2413.813.0301419.9113.913.014.0--14.9261721.9514.914.02166.7214.814.0283318.7214.914.015.0--15.96605.5315.815.0421.3115.815.07024.6415.815.016.0--16.9690.5816.816.0140.4416.716.0830.5516.816.017.0--17.9280.2317.817.050.1617.717.0330.2217.817.018.0--18.9200.1718.818.050.1618.718.0250.1718.818.019.0--19.910.0119.719.720.0619.719.130.0219.719.1合计11 925100.0019.79.03212100.0019.75.015 137100.0019.75.0*Max.* Maximum, *Min.* Minimum

Elevation of frames with Oncomelania snails {#Sec12}
-------------------------------------------

The elevation of snail frames ranged from 11.1 m to 15.8 m in the southern sector of the lake and from 9.3 m to 15.6 m in the north sector of the lake. As shown below in Table [2](#Tab2){ref-type="table"}, the mean elevation of surveyed *Oncomelania* frames in the southern sector (13.2 m) of the lake was significantly higher (*F* = 215.2; *P* \< 0.01) than in the northern sector (12.0 m).Table 2Elevation of *Oncomelania* surveyed frames in the Poyang Lake region of ChinaAreaNumber of survey pointElevation (m)MeanMedianExtremumSouth Poyang Lake97313.2 ± 1.112.911.1--15.8North Poyang Lake26312.0 ± 1.212.09.3--15.6

Snail-concentrated elevation intervals {#Sec13}
--------------------------------------

In the southern sector of the lake, the elevation with the highest percentage of living snails was at 15--16 m (18.2%), and secondly at 12--13 m (12.1%). In the north sector of the lake, the elevation range with highest percentage of living snails was at 15--16 m (14.3%), and secondly at 12--14 m (11.5%). The mean density of living snails (0.387/0.1m^2^) at an elevation of 15--16 m in the southern lake was significantly higher (*F* = 129.6; *P* \< 0.01) than that of other elevations recorded in the sector. In the northern lake region, the mean density of living snails at an elevation of 12--14 m was 0.239/0.1m^2^. This was again significantly higher (*F* = 20.8; *P* \< 0.01) than the other elevations recorded (Table [3](#Tab3){ref-type="table"}).Table 3Snail-concentrated elevation intervals in the Poyang Lake region of ChinaElevation grading (m)South Poyang LakeNorth Poyang LakePercent of frames with living snail (%)Mean density of living snail (No./0.1m^2^)Percent of frames with living snail (%)Mean density of living snail (No./0.1m^2^)\< 9.0----009.0--9.9003.400.07910.0--10.9008.720.18511.0--11.93.790.0566.870.11612.0--12.912.060.20510.310.22913.0--13.97.490.12511.550.26314.0--14.95.620.0855.090.09815.0--15.918.180.38714.290.178\> 16.00000

Discussion {#Sec14}
==========

The vast marshlands of the Poyang Lake region are historically an endemic zone for zoonotic schistosomiasis in Jiangxi province. The marshlands surrounding Poyang Lake are distributed over 13 counties. In the mid-1980s, based on elevations provided by the hydrological stations in the Poyang Lake region, maximum and minimum elevations of 615 marshlands were calculated and *Oncomelania* snails surveyed. The survey indicated that snails were distributed at 'three marshland belts' at an elevation 11--16 m. The upper belt had few snail-infested areas, the middle belt was deemed snail-concentrated, while lower belt, like the upper belt, had few snails. Thus, 95% of the *Oncomelania* snail habitat in the lake region was distributed in marshlands at elevation ranging from 12 to 15 m. This snail-concentrated belt is typically submerged during the flood season from April to May, and reemerges after the water reced in October or November. There were virtually no snails (\< 3%) in the marshlands at elevations below 11 m or at elevations greater than 16 m \[[@CR25]\].

Snail distribution fluctuates with the water level. Water levels that are too high (flooding) or too low (drought) will affect the reproduction of snails \[[@CR26]\]. In a study in 2013, Feng et al. reported that the average marshland area in Poyang Lake region increased significantly by 385.7 km^2^ in 2004--2009 (after the closure of the Three Gorges Dam) as compared with that in 2000--2002 (before dam closure) \[[@CR27]\]. A comparison of water levels in Poyang lake between 1993 and 2012 found that the proportion of very low water level (\< 10 m; Wusong elevation) after 2003 had soared from 4.34 to 24.8%, and the dry season after 2003 had lasted longer \[[@CR28]\]. Thus, snail reproduction would have certainly been impacted. It was also observed that at this water level (\< 10 m) there was a change in snail distribution with more suitable snail environments situated further of north \[[@CR29]\].

In this study, we investigated the distribution of *Oncomelania* snails in the Poyang Lake region using both GIS and GPS in order to ascertain the dynamic changes the snail distribution pattern at different elevations in the marshlands and to further define the snail habitat. A total of 1159 potential snail sampling grids were surveyed, of which 15 231 frames (0.1 m^2^/frame) were investigated. 7049 frames had live *Oncomelania* snails corresponding to 8.15% of the total number of frames sampled. The mean density of living snails was 0.463/0.1 m^2^. The percent of frames with snails in the southern sector (8.13%) of the Poyang Lake did not differ statistically from the north (8.21%). However, the mean density of live snails in the northern sector (0.164/0.1 m^2^) of the lake was statistically greater than the south (0.141/0.1 m^2^). This finding was similar to that reported by Hu et al \[[@CR29]\].

Historical data has shown that the elevation of snail-infested marshlands in Poyang Lake is at 10--16 m, and predominately between 12 and 14 m \[[@CR30]\]. The present distribution of snails in southern and northern sectors of Poyang Lake has changed significantly, and the snail-concentrated belts have also changed correspondingly. In the south sector of the lake, the snail-inhabited marshlands is distributed at 11--16 m and were divided two snail-concentrated belts (e.g., 12--13 m and 15--16 m of elevation). In the north sector of the lake, the snail-inhabited marshlands ranged from 9 to 16 m in elevation, with snail-concentrated belt at 12--14 m. There are two possible reasons that may explain the difference in the density of snails between the south and north of Poyang Lake. Firstly, the elevations of all marshlands in the south of Poyang Lake are obviously higher than those in the north. In recent years, the dry season in autumn and winter in the lake advanced and extended. As a result the marshlands with high altitude were not flooded or rarely flooded, which had a negative effect on egg laying and hatching of snails. As a consequence the density of snails in the south was greatly reduced. In contrast, dynamic changes in the water level had less impact on the marshlands in the middle and low altitudes in the north of the lake. These marshlands are typically flooded in the spring, autumn and winter and are thus more suitable for snail breeding and reproduction, which lead to the increase or higher density of the snails. Secondly, with a sustained lower water level, the soil moisture content in the high elevation marshlands in the south of the lake were reduced, making egg laying and hatching of snails difficult, which ultimately resulted in a decrease of snail density. At the same time, the low elevation swamp lands in the north of the lake has now evolved into grasslands, resulting in the increase of marshland area and the migration of snails down to the waterline. Consequently, both the area of snail-infested marshlands and snail density in the north of the lake increased. The lower snail-infested elevation of marshland in the southern lake was two meters higher than that in the northern lake, which indicated an eco-environment suitable for snail survival and that breeding was moving from the southern lake to lower elevated areas of the northern lake. Whether this trend of snail distribution in the marshland of Poyang Lake will continue and is caused by the Three Gorge Dam is yet to be fully determined. Previous studies have confirmed that the distribution of snail in the lake region is closely related to vegetation species in addition to elevation \[[@CR31]\]. The relationship between the current snail distribution and vegetation needs further study in the future.

Conclusions {#Sec15}
===========

*Oncomelania hupensis*, the snail intermediate host of schistosomiasis in China, is distributed in the marshlands of Poyang Lake at an elevation of 9--16 m elevation and the distribution of snails has changed over time due to changes in the water level post closure of the Three Gorges Dam. The outcomes are important for national integrated schistosomiasis control strategies leading to disease elimination. Based on the current geological features of the snail habitant, focused mollusciciding should occur in northern regions within identified snail hotspots of transmission.
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